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RJ?lmcH MEMORANDUM

FREE-FLIGHTAERODYNAMIC-HEATINGDATATO MACHNUMBER10.4

FORA MODIFIIKDVONKt&l& NOSESHAPE

By WilliamM. BlsrLd,Jr., andKatherineA. Collie

SUMMARY

Aerodynamic-heatingdatahavebeenobtainedon a motified-fineness-
ratio-5.OVonK&m& noseshapeat free-stresmMachnumbersup to 10.k with
a rocket-propelledmodel. Transientskintemperaturesweremeasuredat one
station,26.6inchesbehindthetipof a nose31.6incheslong. A maxhnum
skintemperatureof 1,663°R wasmeasuredsoonafterthemaximumMachnumber
was obtained.

. DuringtheperiodsforwhichexperimentalStsmtonnumberswerepre-
sented,flowparametersjustoutsidetheboundsrylayerat thetemperature
measuringstationvariedas follows:thelocal~ch numbervariedin the

+ rangebetween0.8and9.0andthe localReynoldsnumbervariedin thersnge
between0.8x 106and 35.5x 106. Theratioof skintemperatureto local
statictemperaturevariedbetween1.0and3.6.

The experimentalStantonnumbersagreedwellwithVanDriest’sturbu-
lenttheorywhilethelocalReymoldsnumberwas high;thatis,while-
~Reynolds nwnbervariedin a rangeabove6.8x 106. For localReynolds,
numberslessthan3.5x 10btheexperimentalStantonnizmberswereof the
witude preuctedby VanDriest’slaminartheory. Trsmsitionfromturbu-
lentto laminarflowat thetemperaturemeasuringstation,as indicatedby
thechsmgein themagnitudeof theStsntonnmnber,occurredas the local
Reynoldsnumberdecreasedfrom6.8x 106to 3.5x 106at essentiallya con-
stantlocalMachnmber of about9.0.

INTRODUCTION

Theproblemof aeroiQmamicheatingi.scurrentlybeinginvestigatedby.
thePilotlessAircraftResearchDivisionof theIamgleyAeronautical
hboratorywithtechniquesthatutilizerocket-propelledmodelsin free

. flight. Resultsof somerecentinvestigationsarepresentedin reference1
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forfree-8treamMachnmbers up to 5.9andin reference2 forfree-stream
Machnumbersup to 5.6. In theseinvestigations, skintemperatureswere ‘
measuredat singlestationson conicalnosesandon a parabolicnose.
Heat-transfercoefficientswereobtainedfromtheskin-temperaturemeas-
urementsandcomparedin theformof Stantonnumberwiththeoretical r

results.

In anotherinvestigation,firstreportedin reference3, skin-
temperatuxemeasurementsweremadeat free-streamMachnumbersup to 10.4
at a singlestationon a modified-fineness-ratio-5VonKa”rm&noseshape.
Theseskin-temperaturemeasurementshavebeenpresentedin theformof a
timehistoryandcomparedin reference4 withcalculatedskintemperatures
baseduponthetheoriesof VanDriest.

It is thepurposebf thispaperto presenttheaerodynsmic-heat-
transferresultsobtainedfrcmtheskin-temperaturedataof thetestat a
Machnumberof 10.4of references3 and4 in thefonmof localStanton
number. LocalReynoldsnumber,b~ed uponaxialdistancefrcmnosetipto

temperaturemeasuringstation,has a maximumvalueof 35.5X 106at a free-“
streamMachnumberof 4.1. tieratio
temperaturejustoutsidetheboundary
stationvariedfrom1.0to 3.6during

Theflighttestwas conductedat
StationatWallopsIsland,Va.

of skintemperatureto localstatic
layerat thetemperaturemeawzzng
thetest. .

thePilotlessAircraftResearch

*

SYMBOLS

A

Cf

c~

J

k

area,sq f%

local.skin-frictioncoefficient

Stantonnumber, h
Cpvpvvv

.—

—

—

specificheatof airat constantpressure,Btu/slug-°F

specificheatofwallmaterial,Btu/lb-O~

localaerodynamic-heat-transfercoefficient,
Btu/sec-sqft-”l? ..

mechanicalequivalentof heat,778ft-lb/Btu
.

thermalconductivityof air,Btu-ft/sec-~-sqft ,
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1.

M

,-
?2

Pr

Q

Rv

R.I’.

T

t

v

E

.
P

P

u

T

axialdistancefromnosetipto temperaturemeasuringstation,ft

Machnunber

staticpressure,lb/in.2

Prandtlrmnber, ~P/k

quatity of heat,Btu

Reynoldsnumber, Pv~vl/Pv

( )/(recoveryfactor, Taw - Tv T~o - Tv)

temperate, %

timefromstartof

velocity,ft/sec

velocityof sound,

emissitity

testflight,sec

ft/sec

viscosityof air,slugs/ft-sec(exceptas noted)

densityof skinmaterial,lb/cuft; densityof air,slugs/cuft

Stef~-Boltzmannconstsmt,0.4835x 10-W, Btu/sqft-sec-%k

tbicbess,ft

Subscripts:

aw adiabaticwall

o staticfreestream

s radiationshield

so stagnation

v outsideboundery

w skin

layer

1,2,3,4 nmbers usedto identifydifferentheatquantities.

w~
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MODEL,INSTRUMENTATION, ANDTEST

NACARM L56D23

.

Exceptforinformationpertinentto thisreport,onlybriefdescrip-
tionsof themodel,instrumentation,andtestarepresentedherein;how- n
ever,morecompletedescriptionsarepresentedin reference3.

Model

Themodel,whichconsistedof a modified-fineness-ratio->.O
VonK&m& noseshape,a fineness-ratio-5.Ocylinder,anda frustumof a
cone,is shownas a sketchin figure1 andas a photographin figure2.
Thenosewasmodifiedat thetipby theadditionof a wedgeforwardof a
station2 inchesbehindthetipof theVonK&m& profile.

Thenoseof themodelwasmachinedfromstainlesssteelhollowedout
as shownin figure1. In backof station7.9,themodelhadan exterior
skinfabricatedfrom0.032-inch-thickInconel.Theexteriorof thenose
hada smoothlypolishedfinish. Instrumentationwashousedin thenose
of themodelbetweenstations9 and31. A radiationshieldmadeof
0.032-inch-thickInconel,whichwas spaced0.2@ch fromtheinsidesur-
faceof theexternalskin,surroundedtheinstr~entationto protectit
fromthehighexternalskintemperaturesreachedduringflight.Increases
to thethermalcapacityof theexternalskinwerekeptto a minimum.As
shownin figure1, theradiationshieldJoinedtheexternalskinat only
onestation(9.’3)betweenstations7.9and31,andtherehada miniauuuof
physicalcontact.

.

Instrmnentation

Of thesixinstrumentscontainedin themodel,onlytwowereconcerned
directlywiththeaerodynamic-heatingaspectsof thetest. Eoihof these
instrumentswereusedtomeasuretemperaturesof theexternalskinat sta-
tion25 of theVonK&&n profile(26.6inchesbehindnosetip)andboth
werecalibratedin thetemperaturerangefrom0° F to 1800°F. One,a
thermocouple,was insertedin a holein theexternalskinandweldedin
place,andtheother,a resistancewire,was fastenedto theinsideof the
skinwithan adnesive.Theresistance-wiretemperaturemeasuringdevice
failedabout~ secondsafterthebeginningof theflighttest.

Otherinstrumentationconsistedof ground-basedradartits formeas-
uringmodelvelocityandforobtainingthepositionof themodelin space.
‘Ihevelocitymeasuringunitlostthemodelat about28 secondsandfor
timesthereafteracceleration@d totalpressuremeasuredby instruments
containedwithinthemodelwereusedto calculatevelocityas describedin -
reference3. A rawinsondecarriedaloftby a balloonprovidedmeasurements
of atmosphericconditionsandwindsat thetimeof theflighttest. .
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Test

Thedesiredperformancewas attainedby usinga four-stagepropul-
sionsystemconsistingof solid-fuelrocketmotors. Themodel,which
containedoneof therocketmotors,~d thethreeboosterstagesare

.

shownin figure3 as theyappearedon thelauncher.A portionof the
trajectoryfollowedbythemodelis shownin figure4, md am altitude
tbe historyis

Duringthe
followi~data,
as functiomof

shownin figure5.

DATAREDUCTION

General

flighttestof themodel,measurementsfurnishedthe
whicharebasicto theaerodynamic-heatinginvestigation
flighttime:

1. Flight-path

2. Free-stream
sOulld(fig.6)

3.Machnuder

velocity(fig.5)

airdensity,staticairpressure,andvelocityof

(fig.7)

4. Skintemperature(figs.8 and9)

5. Free-streamstaticairtemperature(fig.9)

Thesedatawerereducedto Stantonnmber, thenondimensionalform
of thelocalaerodynamicheat-trsmsfercoefficient,by thefollowing
procedure.Thebasicheat-transferequationsas givenin reference5
andusedin thisprocedureare:

For convection,

~ = hJ+./(Taw- Tw)

Forradiation(outward),

(1)

ma—.
dt e#&Twk (2)
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Forradiation(inward),

dQ3—.
dt (3) *

Equation(3)appliesto thecaseof coaxialcylindersandis considered
to be a goodapproximationforthecoaxialshapeusedin this
investigation.

Thetimerateof changeof heatcontainedwithintheskinis

(4)

Thesumof theheattransferredto theskinper unit-timeas expressed
by thesummationof eq~tiom (1),(2),and (3)is equalto thetimerate
of changeof heatcontainedwithintheskin

wheretheminussignindicatesa loss
neglectstheconductionof heatalong
sourceswhichareestimatedto havea
expressionsfor dQ/dt intoequation
aerodynamic-heat-transfercoefficient

of heat. Alsothisexpression
theskinandradiationfromoutside
negld.gibleeffect.Substituting
(5)andsolvingforthelocal.
resultin theexpression

h=

dTw
Cw~Tw — + ~w~wb + _4L&L

dt &L+L-l
As’s %

Taw - Tw
(6)

ThelocalStantonnumbercanbe obtaine”dby nondimenslonalizingthe
localaerodymunic(convective)heat-transfercoefficientthusly

c~ = h
cpv%~v

(7) -

.
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Evaluationof Quantities

Thepropertiesof theInconelskinarelmown. Thevsriationwith
temperatureof thespecificheat ~, as shownin figure10,was obtai~ed
fromreference6. The density~ ad thiclsmessTw of theskinare
knownconstants,5X lb/cuft and0.00267foot,respectively.Theemis-
sitityof nonoxidizedInconelis shownto varyonlyslightlyfrom0.3
overthetestrm.geof temperaturein reference6; therefore,Cw and
~s wereconsideredto be equalto 0.3throughoutthetest. Thetime
rateof changeof theskintemperaturedTw/dt was detetinedgraphically
froma suitablyscaledtimehistoryof themeasuredskintemperature.The
temperatureof theradiationshield,whichwas notmeasuredduringthe
flighttest,hasbeenestimatedfromtheunpublishedresultsof someappli-
cablestaticheatingtestsandhas alsobeencalculatedby assumingthat
alltheheatenteringtheshieldwas transferredfromtheexternalskinby
radiation.Theestimatedandcalculatedshieldtemperatures,whichare
believedto be representativeof possibleshieldtemperaturelimits,sxe
includetin figure11. No significmtchangein theinwardradiation
wasnotedwhenthedifferentshieldtemperatureswereusedin thereduction
of theheat-transferdata.

Theadiabatic-walltemperatureTaw was
sionforrecoveryfactor(ref.7).

T - Tv
R.F.= aw

Tso - Tv

or rearranging

calculatedfromtheexpres-

Taw = R.F.(T~o- Tv)+ Tv

For lsminarflow R.F. was takenas Prl/2 andforturbulent
was takenG Prl/3 as discussedin reference7, where #2

(8)

(9)

flow R.F.
and prl/3

werebasedupon Tw. Thevariationswithtemperatureof #/2, #/3,

andotherthermodynamicpropertiesof air (ref.8) usedin thisreportme
shownin figure12. In orderto accountforthevariationwithtemperature
of thespecificheatof air,thestagnationtemperaturewas calculatedwith
theenergyrelation

.

V02 Tso—.
2J J CP

m
To

xii
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ThelocaltemperatureTv andotherlocalflow_&rametersat the .
temperaturemeasuringstationhavebeenobtainedfromthelocalto free-
streamratiospresentedin figure13. Theseratioswerecalculatedfor
thesamebasicnoseshapeusedin thistest,butwitha differentnose- .

tipmodification.In orderto $inplifythecalculations,the (7.5°half-
angle)wedgenose-tipmodificationto theVonK&n&n noseshapeof the
modelwas replacedby a 100 half-angleconethatfairedsmoothlyintothe
VonK&rm& noseshapeat station2.7. At supersonicspeetiforwhich
M < 5.0 theflow-parsmeterratioswerebasedupon pv/po ratioscalcu-
latedby thesecond-ordertheoryof reference9. Fortherestof the
supersonicspeedrangeincludedin thistest,theflow-parameterratios
werecalculatedby theconical-shock-expansionmethodof reference10.-
No attemptwasmadeto adjusttheseWviscidflowresultsforboundary-
layer-displacementthickness.

Timehistoriesof thestagnationtemperature,adiabatic-walltemper-
ature,free-streamstatictemperature, andlocalstatictemperatureat the
temperaturemeasuringstationme includedin figure9.

ACCURACY

The
hasbeen

accuracyof theexperimentaldataas reducedto Stantonnumbers
calculatedin

thesecalculationsare
themannerdescribedin reference11. Resultsof
as follows:

Time,sec

2

4
‘8

alo
’15
16
18

%
24
28

w
5-4

Possiblepercent
errorin CH

?51
*24

+J04
*319

tuk
*104
~lo
f4

-H
G

*86
*41
tlg

alwk-anotpresentedat these
dinesbecauseof thelame calcu.
latederror.
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Exsdnationof theseerrorsandfigure9 showsthattheerrorsin.
Stantonnmnberbecomeverylargewhenthedifferencebetweentheadiabatic-
walltemperatureandthewalltemperaturebecomessmall (Taw-

(
T&+o)

. and dTw/dt--+Oas between6 and15 secondsandnesx23 seconds.Also,
thecalculatederrorsbecomelargenear35 secondswhen dTw/dt-O.

RESULTSANDDISCUSSION

Localflowparametersat thetemperaturemeasuringstation,Reynolds
number,theratioofwalltemperatureto localtemperature,andMachnumber
srepresentedas timehistoriesin figure14.

The skintemperaturesas measuredlya thermocoupleanda resistance
wireat a station26.6inchesbehindthenosetipof themodelarepre-
sentedas a functionof timein figure8. Thetemperaturesmeasuredby the
twoinstrumentsarein verygoodagreementuntilshortlybeforetheresist-
ancewirefailedat 34 seconds.TheSedatashowthatchangesin skintem-
peraturewereverysmallandtherebyindicatelittleaerodynamicheating
untilafter16 secondswhenaccelerationfromthe second-stagebooster
inc~easedflightvelocityto beyondabout M = 2.0,correspondingto a
localReynoldsnumberat thetemperaturemeasuringstationof approximately

6
v 2OX1O. It was duringwe second-stageaccelerationthatthegreatest

rateof changeof skintemperaturewas attained,232°R/see. Theskin
temperaturecontinuedto increase,exceptfora shorttim duringthe
coastingperiodthatfollowedburnoutof the secondstage,untila msximum
temperatureof I,6630R (asmeasuredby thethermocouple)was reachedsoon
afterthemaximm Machnumberof 10.4was attained.EventhoughtheMach
numberafterthemaximumtemperaturewas stillveryhigh,themeasured
skintemperaturestsxtedto decreasebecausethe convectiveheatingat the
higheraltitudeswasmorethsnoffsetby theradiationlosses.

By use of theprocedurediscussedin the sectionof thisreport
entitled“DataReduction,”theheat-transferdatahavebeenreducedto
Stantonnmnberandarepresentedas a timehistoryin figure15. In this
figure,it canbe seenthattheStantonnmnbersbaseduponthethermo-
couplemeasurementsandtheresist~ce-wiremeasurementsarein fairly
goodagreement.The differencesin CH canbe attributedmostlyto the
differencesin slopesof themeaswed skintemperaturesin figure8. The
reducedexperimentaldatahavenotbeenpresentedbetween5 sad15 seconds
andin theneighborhoodof 23 secondsbecauseof theextremelylargepossi-
ble errorscalculatedforthesetimesas previouslynotedin thesection
entitled“Accuracy.”

.
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Thetheoriesof VanDriestforlaminarflow(ref.1-2)andfor
turbulentflow(ref.13)modifiedas suggestedin reference14 (p.16)

.

havebeenusedto calculatethetheoreticalvaluesof Stantonnumberfor
conesandflatplatesforthe ~, Rv, and Tv/Tv

—
conditionsof the .

= ficHfla~p~a~test. TherelationCHcoDe was w—cdforlaminarflow.

For turbulentflow, cf was determinedfromtherelation
cone -— —.

cf. . Cf when Rcone= (R/2)flatpl*te (ref.15). V~lmscone flatplate
of CH ~~erethendeterminedfromtherelationCH = 0.6cf (ref.I-6).
Theexperimentalvaluesof CH,whencomparedwiththeoreticalvaluesin
figure15,agreedwiththelevelof turbulentthearyto about32.8sec.
Onds, at whichtimetheloc’alMachnuniberhadincreasedto themaximum
valueof 9.0andthelocal.Reynoldsnumberhaddecreasedto about
6.8 x 106,whichwas thelowestvaluesincetheearliestpartof the
flighttest. After32.8secondstheexperimentalvsluesrapidlydecreased
untilat about34.5seconds(atwhichtime Mv haddecreasedto about8:9
and Rv haddecreasedto about3.5x 106)theyreacheda generallevel
slightlybelowthemagnitudepredictedby laminarth~ory.Duringtherest
of thetest,as Mv decreasedto about8.4and Rv decreasedto about
0.8x 106,theexperimentalvaluesof CH fellprogressivelyl~er than -
eventhelaminarflat-platetheory.

In general,theexperimentalvaluesof CH
v

do notagreebestwith
eithertheflat-plateor theconicaltheory.Thiswasnotunexpected
becausethetestednoseshapewas neithera conenora flatplateend
was of suchshapethatthepressurevariedalongitssurface.

CONCLUDINGRXIMRKS

Aerodynaad.c-heati.ngdatahavebeenobtainedat oneBtation,
26.6inchesbehindthetipof thenose,on amodified”fineness-ratio-5.0
VonK&r&m noseshapeat free-streamMachn-rs up.to10.4wftha
rocket-propelledmodel. Flowparametersjtitoutside’thebounbry layer
at thetemperaturemeasuringstationvariedas folloti:thelocalMach
numbervariedin therangebetween0.8and-9.0,thelocalReynoldsnum-
ber variedin therangebetween0.8x 106and35.5x 106. Theratioof
skintemperatureto localstaticairtemper–aturevmriedbetween1.0
and3.6.

TheexperimentalStantonnumbersagreedwellwithVanDriest’stur- -
bulenttheorywhilethelocalReynoldsnumberwashigh;th:tis,while
thelocalReynoldsnumbervariedin a rangeabove6.8-X 106. Forlocal
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Reynoldsnumberslessthan3.5x 106theexperimentalStantonnumbers.
wereof themagnitudepredictedby VanDriest’slaminartheory. Transi-
tionfromturbulentto laminarflowat thetemperaturemeasuringstation,

. as indicatedby thechsmgein themagnitudeof theStantonnumber,
occurredas thelocalReynoldsrnmiberdecreasedfrom6.8x 106to 3.5X 106
at essentiallya constantlocalMachnumberof about9.0.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,April9, 1956.
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Fi~e 8.- CompariBon of the Ekin lmmpemtures masured by the thernm-
couple andby theresistancewire.
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